The beauty of snowflakes originates from the very different ways the ice crystals grow in different environments (1, 2). The amazing variety of snowflake crystal shapes occurs despite the fact that the crystalline structure of snow is always the same: the thermodynamic equilibrium shape is a simple hexagonal crystal. Therefore, the path taken in the nucleation and growth of the ice appears to be more important in determining the final result than the thermodynamic equilibrium state. In PNAS, Lee et al. (3) show that the nucleation pathway for salts precipitating from aqueous solutions is also rather more complicated than the simple formation of a crystalline nucleus that spontaneously forms and subsequently grows. There is still a lot of debate on the conditions under which perfect single crystals are formed, as opposed to the formation of "imperfect" or multiple crystals of different shapes, sizes, and crystalline structures (4-14). Crystallization is traditionally very important for many processes, from the production of steel to the purification of chemicals. In the pharmaceutical and chemical industry high purity is a requirement and is achieved through multiple recrystallizations. For crystallography, the structure of many important biological molecules, such as DNA, and many proteins was unraveled by X-ray diffraction that necessitates good-quality single crystals; all this necessitates a good comprehension of crystal nucleation and growth. Lee et al. (3) follow the crystallization of potassium dihydrogen phosphate (KDP) in evaporating, levitated droplets of aqueous solutions of this salt using a very clever experimental set-up that integrates electrostatic levitation with in situ micro Raman spectroscopy and wide-angle X-ray scattering. In this way, the authors are able to investigate the evolution of salt solutions before and during crystal precipitation and reveal the sequence of events that lead to the formation of crystals. Lee et al.'s results show that the crystallization behavior of KDP solutions deviates from what is expected from the classic view on nucleation and growth. Highly supersaturated solutions of up to four (!) times the equilibrium solubility can be reached before precipitation. The authors show that in these highly supersaturated solutions, nucleation precursors can form that do not have the crystalline structure of the salt. These precursors subsequently transform into salt crystals, and act as a type of "reaction intermediate" that is energetically favored over the direct formation of the equilibrium crystal structure (Fig. 1) .
The beauty of snowflakes originates from the very different ways the ice crystals grow in different environments (1, 2). The amazing variety of snowflake crystal shapes occurs despite the fact that the crystalline structure of snow is always the same: the thermodynamic equilibrium shape is a simple hexagonal crystal. Therefore, the path taken in the nucleation and growth of the ice appears to be more important in determining the final result than the thermodynamic equilibrium state. In PNAS, Lee et al. (3) show that the nucleation pathway for salts precipitating from aqueous solutions is also rather more complicated than the simple formation of a crystalline nucleus that spontaneously forms and subsequently grows. There is still a lot of debate on the conditions under which perfect single crystals are formed, as opposed to the formation of "imperfect" or multiple crystals of different shapes, sizes, and crystalline structures (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Crystallization is traditionally very important for many processes, from the production of steel to the purification of chemicals. In the pharmaceutical and chemical industry high purity is a requirement and is achieved through multiple recrystallizations. For crystallography, the structure of many important biological molecules, such as DNA, and many proteins was unraveled by X-ray diffraction that necessitates good-quality single crystals; all this necessitates a good comprehension of crystal nucleation and growth. Lee et al. (3) follow the crystallization of potassium dihydrogen phosphate (KDP) in evaporating, levitated droplets of aqueous solutions of this salt using a very clever experimental set-up that integrates electrostatic levitation with in situ micro Raman spectroscopy and wide-angle X-ray scattering. In this way, the authors are able to investigate the evolution of salt solutions before and during crystal precipitation and reveal the sequence of events that lead to the formation of crystals. Lee et al. ' s results show that the crystallization behavior of KDP solutions deviates from what is expected from the classic view on nucleation and growth. Highly supersaturated solutions of up to four (!) times the equilibrium solubility can be reached before precipitation. The authors show that in these highly supersaturated solutions, nucleation precursors can form that do not have the crystalline structure of the salt. These precursors subsequently transform into salt crystals, and act as a type of "reaction intermediate" that is energetically favored over the direct formation of the equilibrium crystal structure (Fig. 1) .
The observations of Lee at al. (3) and others (4-13) of multistep nucleation processes of course raise many questions as to the nature of the intermediate state.
The intermediate can be: (i) disordered, resulting from a dynamical liquid-liquid phase separation that leads to the formation of clusters (e.g., "dense liquid" droplets with a high salt concentration that act as prenucleation clusters); or (ii) ordered, because of the formation of crystallites of an intermediate crystal structure: the intermediate stage could be a different polymorph of the same crystal. It is interesting to note that in the few instances where such metastable clusters in a two-step nucleation process were reported experimentally, the salts involved not only have different (metastable) crystalline forms, but possibly also hydrated and amorphous forms (7) (8) (9) (10) (11) .
The first hypothesis is the dynamic formation of a new and dense liquid-like phase. Lee et al. (3) follow the drop during its evaporation; they first observe the appearance of a second Raman peak that occurs while the solution remains transparent and no X-ray diffraction is observed. This new Raman vibration is shifted to higher wavelengths than in the solution (i.e., it is closer to the corresponding peak of the crystalline phases). This result is attributed to the formation of a different liquid state with a different local structure that is perhaps similar to liquid-like ionic polymers (12). Lee et al.'s (3) Raman results therefore suggest the appearance of a dynamic coexistence of regions highly concentrated in salt with more water-rich ones, similarly to what has been reported in simulations for CaCO 3 (12) . True liquid-liquid phase separations in aqueous systems have been reported in the presence of organic molecules and proteins (4, 5, 14-16); however little is known about such phase separation occurring in aqueous solutions of inorganic salts (11, 13, 17) . Extended simulations suggest that univalent or bivalent salts should not show a phase separation 18) . However, experimentally, such phase separations have in fact been observed for different salts, among which is the monovalent salt LiCl (19) . For proteins that can carry multiple charges, liquidliquid phase separation and two-step nucleation are indeed observed both in simulations and experiments (4, 5, 14, 15, 20) . However, the nature of the intermediate phase remains a subject of vivid discussion; it appears obvious that the intermediate is stabilized by attractive forces that counter the entropic free-energy cost of creating a region more concentrated in salt; this, however, does not necessarily have to be a first-order liquid-liquid transition. The second hypothesis is the formation of an intermediate crystal structure. It is well known that nonequilibrium crystal structures may form upon crystallization by evaporation, cooling or in confinement, that subsequently transform into the equilibrium form. In the experiments of Lee et al. (3), depending on the degree of supersaturation reached, the evaporation can lead either directly to the precipitation of the stable tetragonal anhydrous KDP crystal or show the rapid precipitation of a metastable monoclinic KDP, which then transforms to the stable tetragonal form (Fig. 1) . Similarly, it has been shown that solutions of sodium sulfate (Na 2 SO 4 ), upon evaporation at room temperature, can reach high supersaturation, which subsequently leads to the precipitation of two anhydrous structures with, again, distinct Raman signatures (21) (22) (23) . Very similar to what Lee et al. (3) report for KDP, the bulk crystallization starts with a very rapid growth of the metastable phase III (dendritic shape), which then converts into the stable phase V (rhombohedral shape); Fig. 2 shows the two different crystal structures that result if the conversion is unable to complete because of lack of solution.
It is worthwhile mentioning that, both for KDP and sodium sulfate, achieving such high concentrations is again surprising, especially because both have hydrated polymorphs that should be the first phase to appear according to the phase diagram (23, 24) . Generally, the solubility of hydrated forms of a specific salt is smaller than that of its anhydrous form at a given temperature. This means that upon evaporation at a given temperature, the hydrated polymorph with the lowest solubility is in principle the less stable in solution, and one might anticipate its precipitation first. Nevertheless, in the evaporation experiments on KDP and sodium sulfate, this does not happen, implying that such thermodynamic equilibrium considerations cannot explain the dynamic process. Apparently the interfacial free-energy barriers for the formation of the Fig. 1 . Schematic of the crystallization pathways reported by Lee et al. (3) . The top path is the "normal" crystallization of the equilibrium crystal shape directly from solution; in the experiments this happens for low concentration solutions (LCS). The lower path happens for high concentrations (HCS): a three-step nucleation process with first the formation of a precursor "phase" consisting of regions that are more concentrated in salt, followed first by the nucleation of a metastable monoclinic crystal before the equilibrium tetragonal crystal appears. S, supersaturation; V, droplet volume. Fig. 2 . Formation of anhydrous sodium sulfate crystals after evaporation of the salt solution; dynamically, the dendritic metastable phase III forms first, and then transforms into the stable rhombohedral phase V in solution. In this experiment the evaporation was too fast to allow for complete transformation.
hydrated crystals are sufficiently high to inhibit their formation; the result is that the solutions achieve high supersaturations upon further evaporation. The whole process is therefore clearly dominated by kinetics, and not by thermodynamics.
The results of the kinetically governed nucleation dynamics then appear to be that of both types of intermediate stages: different crystal structure or dynamic phase separation have been reported in different experiments. Lee et al. (3) in fact report a combination of both: first the formation of a dense liquid phase followed by the formation of metastable crystal structure, which then turns into the equilibrium crystalline polymorph. In agreement with the above observations, this only happens for very high supersaturations; for moderate ones, a simple one-step nucleation and growth process immediately yields the equilibrium crystal structure. Thus, the high supersaturations appear to be a prerequisite for multistep nucleation. When the nucleation then finally takes place, the droplet becomes completely opaque, which suggests that many small crystallites form. These detailed in situ observations then suggest the following scenario for salt nucleation from highly supersaturated solutions. If indeed concentrated salt solutions are prone to a liquid-liquid type phase separation, such a transition could also have a spinodal, where small drops of dense liquid spontaneously start to form. Because these domains are denser in salt, the supersaturation in the drops is even higher than the average one, allowing crystals to nucleate very rapidly; the energy barrier for nucleation is of course lowered upon increasing the supersaturation. Which crystalline form appears is then again dictated kinetically, but eventually the equilibrium crystal will appear. This gives a plausible reason for the formation of many crystals, and has now been observed in evaporating sessile (11) and levitating drops (3) . The existence of a spinodal in the nucleation process was already discussed by Filobelo et al. (15) , who define the spinodal as the point where the generation of the new phase is only limited by the kinetics of growth of its clusters. Indeed, in the experiments of Lee et al. (3) , in which the crystallization passes through the pathway with two intermediates (i.e., a three-step process), once the spinodal is reached, the transformation of the solution that has remained metastable for many hours takes place in seconds.
Unfortunately for the crystallographers, such multistep nucleation processes, which might have yielded novel ways to control nucleation and growth, then lead to the formation of many small crystals. It appears that independently of the type of intermediate stage, the observed multistep nucleation processes happen invariably at very high supersaturations. This leads to the formation of a large number of crystals that grow very rapidly and are consequently prone to growth instabilities (11, 25) . To form a perfect single crystal, it is therefore preferable to start with a single seed in an only slightly supersaturated solution to have a slow and controlled growth; this also avoids subsequent growth instabilities that give snowflake-type crystals their beautiful characteristic shapes.
